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The cffcet of ma8ncsium (ME)-dcficicnt culture on endothelial cell susceptibility to oxidativc stress was examined. Bovine endothelial eclls were 
cultured in tither control sufficient (0.8 mM) or deficient (0.4 mM) levuls of MgC13. Oxygen radicals wcrc produeed cxtmecllularly by the addition 
of dihydroxyfumaratc and Fe’+-ADP. Isolated Mg-deficient cndothclial eclls produced 2- to 3.fold higher levels of thiobarbituric acid (TBA)- 
reactive materials when incubated with this free radical syslem. Additional studies were pcrformcd using digitized video microscopy and 2’,7’- 
dichlorofluoresoin diacetatc (DCFDA) as an intracellular indicator foroxidativc events at the sin&? ccl1 level. In rcsponx 10 theexogenousoxidativc 
stress, cndothelial eclls exhibited a time-dependent i crease in fluoresccncc, sug8estivc of intracellular lipid peroxidation. The incrcasc in ecllular 
fluoresecnee began within 1 min of free radical addition; the Mg-dcficicnt cells exhibited a mote rapid increase in Ruorcsecnee than tbat of 
Mg-sufficient eells. In separate xperiments, cellular viability was assessed using the Trypan blue exclusion assay. Mg deficiency increased 
cytotoxicity of the added oxyradicnls, but the loss of cellular viability began to occur only after 15 min of free radical exposure, lag& behind 
the detection of intracellular oxidation products. These results ugScst that increased oxidative cndothelial eel1 injury may eontributc to vaseuktr 
injury during Mg deficiency. 
Magnesium deficiency; Free radical; Endothelial ecll; Cell cullurc 
1. INTRODUCTION 2. MATERIALS AND METSODS 
The molecular mechanisms of magnesium (Mg) defl- 
ciency-associated cardiovascular injury are poorly un- 
derstood. Recent findings from our laboratory have im- 
plicated a role for increased oxidative stress during the 
Mg deficiency-induced tissue injury [l-5]. During Mg 
deficiency, serum ‘non-protein-bound’ iron increased 
50% [G]; in addition, lipid peroxidation products, as- 
sayed as tbiobarbituric acid (TBA)-reactive materials, 
increased 2-fold compared to control animals [7]. Our 
laboratory has also documented that Mg deficiency re- 
sults in significant elevatiori of circulating inflammatory 
cytokines [S]. The endothelial cells may represent an 
initial cellular site of increased oxidative injury. We 
have recently focused our studies on free radical injury 
in endothelial cells cultured in normal Mg levels [9-l 11. 
In the present communication, the effect of Mg-defi- 
cient culture media on the cellular response to an iron- 
catalyzed hydroxyl radical generating system was stud- 
ied. By using the Meridian Laser Cytometry system, 
lipid peroxidation at the single cell level can be moni- 
tored and quantified continuously. 
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2.1. Chmnicab mtd cell otltwe 
Chemicals wcrc obtained from SigmaChemical Co., St. Louis, MO, 
unless stated otherwise. Bovine aortic endothelial cells (AG 07684) 
were obtained from The Coricll Insdtule for Mcdioal Research, 
Camden, NJ. and cultured in minimal csscntial medium (MEM) for 
suspension cultures (Me&Tech, Washington DC); the medium was 
suppJemcntcd with 15% calf strum, t-glutaminc (4 mM final). 1% 
MEM vitamins (MediaTech), 1% MEM non-essential mino acids, 
0.1% tract elements #I and #2, HEPES buffer. CaCl, and sufficient 
Mg to achieve a final concentration of 0.4 mM or 0.8 mM Mg. The 
concentration of Mg was eonth-mcd by atomic absorption spectra. 
Cells were grown in either I50 -ml culture tlask (Corning Wexford, 
PA), 24well multiplates (Corning), or on circular microscopic eov- 
erslips. For studies of the TBA reactivity of eclls to oxygen radicals, 
nesr confluent cultures were digested with 0.05% ttypsin in 0.02% 
EDTA solution; the trypsinization of cullurcd oclls was stopped by 
adding growth medium. The cells were pcllctccl and washed twice with 
the incubation but&-: 10 mM ~ucose, 1.2 mM Mgt&. 125 mM NaCl 
and 10 mM potassium phosphdle, pH 7.2. The TBA rcaclivity of the 
isolated cells to oxygen radicals was initiated with the addition of 1.7 
mM DI-IF I- FcADP (SO yM F&I, chelated by 500 AM ADP). The 
TBA-reactive materials formed after 30 min at 37OC of incubation 
were determined and cxprcsscd as malondiadehyde equivalents, as 
dcseribcd previously [12,13]. 
2.2. Sirrgle ceil rip/d peroxldation 
Endothclial cells were grown on 22-mm covenlips. The eovcrslips 
were removed from the growth media, washed twice in buffer, and 
then labeled with 5 yM DCFDA for 15 min immcdlately prior to use. 
Cellular Ruorcsecnee was measured at 515 nm followin excitation at 
488 nm using the ACAS 570 Intcmetivc Laser Cytomclcr (Meridian 
Instruments Inc., Okcmos, Ml). 
2.3. Endothetial ccl1 viubility 
Endothclial ccl1 viability was measured by uptake of Trypan blue 
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(O.i%). For the attached cells which were grown in disposable multi- 
plates, Trypan blue was added for I min, followed by the addition of 
bufrered glutaraldehydc solution (Rnal conccnlration 1.5%) to fix the 
cells for counting. Cell counting was performed by a ‘biinded’ rc- 
searcher who was unaware of the level of Mg in lhc tissue culture 
medium. 
3. RESULTS AND DISCUSSION 
3. I. Cefi culture 
We attempted to grow endothelial cells over a wide 
range of Mg concentrations. In our laboratory, 0.4 mM 
was the lowest concentration of Mg in which endothe- 
lial cells would grow. This finding was markedly d;.fer- 
ent from that reported earlier by Banai et al. [!4], who 
found that endothelial cells grew well at both 0.04 mM 
and 0.8 mM Mg. This difference in the Mg requirement 
for endothelial cell growth could be related to a number 
of significant differences in the cellular models. In the 
earlier study, endothelial cells were grown in gelatin- 
coated plates: an initial 2 to 12 11 incubation period was 
used in proliferation experiments in which the cells were 
incubated in the presence of Mg, and the endothelial 
cells were from the adrenal cortex. In our experimerts, 
the cells were washed in Mg-free media prior to plating 
in media containing the desired final Mg concentration. 
While endothelial cells are easily trypsinized, we found 
that cells grown in low Mg were more resistant o tryp- 
sinization. Because of this resistance to trypsinization, 
we routinely trypsinited both Mg-sufficient and Mg- 
deficient cells for the same period of time, and then used 
mechanical methods to help harvest Mg-deficient cells. 
3.2. Free radical induced TB.4 reactisity 
The cultured endothelial cells were sensitive to free 
radical-induced cytotoxicity; in association, significant 
increases in TBA-reactant formation occurred 
[9,10,15,!6]. In the present study, when endothelial cells 
cultured in Mg-sufficient (0.8 mM) or Mg-deficient (0.4 
mM) media were exposed to the free radical system 
under identical conditions (Fig. I), the Mg-deficient 
cells produced greater than 2-fold-higher levels of TBA- 
reactive materials (P c 0.01). In addition, cells cultured 
in low Mg showed a markedly higher percentage of 
dead cells following this treatment (95%) than for cells 
cultured in normal Mg (55%). These results uggest hat 
Mg deficiency increases the sensitivity of endothelial 
cells to free radical peroxidative injury. We have previ- 
ously shown that Mg deficiency in viva results in a 
similar increase in erythrocyte sensitivity to oxidative 
stress [4]. 
3.3. Merrsurement of intracellular peroxide formation 
While there was no significant difference between the 
initial viability of Mg-deficient and Mg-sufficient cells, 
the need to use mechanical force to harvest Mg-deficient 
cells suggested that these cells may have been i jured 
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Fig. 1, Effect of cultured Mg levels on fret radical-mediated TBA 
reactivity in isolated endothelial cells. Endothelial cells (lO?ml) were 
incubated with the dihydroxyfumurate-FeADP fret radical system ror 
30 min at 37°C. “P c 0.01 between groups. 
during harvesting. In addition, the TBA assay is a rela- 
tively non-specific method for measuring cellular lipid 
peroxidation. With the availability of the ACAS Merid- 
ian Laser Cytometry System, we were able to evaluate 
the influence of Mg deficiency on cellular resistance to 
lipid peroxidation of attached cells. We used DCFA as 
an intracellular probe to monitor and quantify cellular 
lipid peroxidation in response to exogenously added 
hydroxyl free radicals. The probe, 2’,7’-dichlorofluo- 
rescin diacetate, is taken up by endothelial cells and 
deacetylated intracellularly to the non-fluorescent 2,7- 
dichlorofluorescin. The 2,7-dichlorofluorescin reacts 
quantitatively with either oxidative species or peroxides 
and hydroperoxides to produce fluorescent 2,7-dichlo- 
rofluorescein within the cell. 
Using this fluorescent probe and digitized video mi- 
croscopy, we were able to show that the addition of 
exogenous free radicals caused a marked increase in 
intracellular oxidation of the 2,7-dichlorofluorescin. 
While the oxidation of the dichorofluorescin to dichlo- 
rofluorescein is relatively non-specific, it will react with 
any peroxides or hydroperoxides formed within the cell; 
in experiments involving addition of an extracellular 
free radical source, the increase in fluorescence isa clear 
indicator of intracellular oxidative species. Fig. 2 dem- 
onstrates the response from a paired experiment in 
3 
Fig. 2. Elect of culture Mg on the production of fluorescent 2,7- 
dichtorofiuorrsiuin wirh DCFA-iabrliud endorheliai cc&. Cc& were 
grown in either 0.4 mM (right panel) or 0.8 mM Mg (left panel). 
Pscudocolor floorcscencc intensity is shown for paired cxposurcs 
times to free radicals: 0 min (top), 8 min (middle) and I6 min (lower). 
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Fig, 3. Time-course of free radical-induced lipid peroxidation in at- 
tached endothelial cells grown in 0.4 mM (0) and 0.8 mM Mg. Endo- 
thelial cells grown on 22 mm coverslips were labeled with 2,7mdichIo- 
rofluorescin diacetate then cxpo5cd to the fret radical system. Cellular 
fluorescence was obtained and quantified using the ACAS 570 Interac- 
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Fig. 4. Effect of culture Mg on free radical-induced endothclial cell 
killing. Cells were grown i either 0.4 mM (o), 0.8 mM Mg (m). or 1.6 
mM Mg h) and espescd to the free radical system. Cell viability was 
determined by Trypan blue (0.1%) exclusion. ‘P c 0.05 compared to 
tive Laser Cytoineter. 0.8 mM grown cells. 
which endothelial cells cultured in low and normal Mg 
were exposed to the hydroxyl radical generating system. 
The photographs are digitized images with fluorescence 
intensity shown in pseudocolor. The color scale is from 
black and dark blue as low intensity, to purple and 
white as highest fluorescence intensity. In this figure, 
endothelial cells cultured in low Mg displayed ramati- 
cally more intracellular oxidation in response to ex- 
ogenous free radicals than cells grown in sufficient Mg. 
The average fluorescence per ce!l in this experiment is 
shown in Fig. 3. In most experiments, upon exposure to 
the exogenous free radicals the cellular fluorescence in- 
itially increased and was followed by a rapid loss of 
fluorescence in cells cultured under both Mg-sufficient 
and Mg-deficient conditions. However, even in these 
cases, as represented in Fig. 3, the increase in Ruores- 
cence usually occurred more rapidly in Mg-deficient 
cells than in the paired Mg-sufficient cells. The addition 
of Trypan blue immediately after the loss of cellular 
fluorescence, while the sample was still on the micro- 
scope stage, demonstrated that the loss of fluorescence 
was not associated with a loss of cellular viability. Fur- 
ther time-course studies of the effect of Mg deficiency 
on free radical-induced loss of cellular viability were 
assessed; the results in Fig. 4 demonstrated that Mg- 
deficient cells were Z-fold more susceptible to free radi- 
cal cytotoxicity. Culturing cells with a higher level of 
Mg (1.6 mM) failed to provide additional protection 
against free radical-induced cytotoxicity. 
deficient cells suggests that the differences een in har- 
vested cells are related to culturing in low Mg and not 
to potential injury during cell harvesting. The causes of 
this enhanced oxidative injury remain unclear. Cultur- 
ing in low Mg results in a change in the endothelial cell 
lipid composition, which might predispose the cells to 
oxidative injury. We have obtained preliminary data 
indicating that culturing endothelial cells in low Mg 
medium, for 5-7 days, resulted in slightly lower gluta- 
thione levels. However, when cells were subjected to free 
radical stress, the glutathione decreased much more 
rapidly in the Mg-deficient cells compared to the Mg- 
sufficient cells. The rapid loss of glutathione in Mg- 
deficient cells is consistent with a higher level of perox- 
ide formation and subsequent increased consumption of 
intracellular glutathione [10,17], While the exact molec- 
ular mechanisms remain to be determined, the present 
study clearly indicates that endothelial cells grown in 
lo:v Mg are more susceptible to oxyradical-mediated 
intracellular lipid peroxidation. The results also suggest 
that endothelial oxidative injury may contribute to in- 
creased vascular injury during Mg deficiency. 
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